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The Ensemble Kalman Filter (EnKF)

A method for improving data assimilation that uses
uncertainty estimates from an ensemble (and
produces an ensemble of analyses)
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This shows the adjustment to a wind observation 1 m/s greater
to the background (at dot) in EnKF and in more classical “3D-Var”

figure c/o Xuguang Wang, formerly CIRES/ESRL, now University of Oklahoma
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Part 1:
Improving Weather Forecasts

NOAA Earth System Research Laboratory Review - Boulder, Colorado March 9-12, 2010 Page 4 vw



Track Errors, High-Resolution GFS/EnKF vs.
i Lower-Resolution Operational GFS/GSI-ET

July-October 2009 season, all basins; head-to-head comparison
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higher resolution + EnKF = clear improvement
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Track Errors, High-Resolution GFS/EnKF vs.
Operational ECMWF Ensemble

July-October 2009 season, all basins; head-to-head comparison
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Competitive with ECMWF for Track Error (Comparable Resolution)

NOAA Earth System Research Laboratory Review - Boulder, Colorado March 9-12, 2010 Page 6 vw



Anomaly Correlation for Mean of EnKF Ensemble
vs. NCEP Operational GSI + ET Perturbations

72-h 850 hPa Zonal Wind Anomaly Correlation (Tropics)
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Large improvement in tropical wind scores — better TC steering?
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EnKF Partnership with
NCEP/EMC & NASA/GMAO

Test for possible future operational implementation
at NCEP/EMC:

Future hybrid variational / EnKF system.

Replacement for current “ensemble transform”
method of generating initial ensemble perturbations
around control forecast.
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Part 2:
Climate Applications
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Reanalysis of the 1938 New England Hurricane using only p, obs
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www.esrl.noaa.gov/psd/data/20th n

20th Century Reanalysis at PSD
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Century Reanalysis data in the Dataset Information | Acknowledgements | Analysis and Plotting Pages | Related Links and Datasets | Feedback
classroom, for presentations or
for research. Mail to psddata at
(esrl.psd.data@noaa.gov).
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In the news...
Publications that use the data

Documentation

20thC at PSD
20th V1 dataset details
20th V2 dataset details

Plot/Analysis

Plot 20thC Monthly
composites

Plot 20thC Daily composites

Plot 20thC Monthly Using a state-of-the-art data assimilation system and surface pressure observations, the Twentieth

composites:Google Earth Century Reanalysis Project is generating a six-hourly, four-dimensional global atmospheric dataset

Search and Plot all 20thC spanning 1871 to present to place current atmospheric circulation patterns into a historical perspective.

Data

Plot ensemble means and 20th Century Reanalysis and PSD: The NCEP-NCAR Reanalysis product starts from 1948, leaving many important climate events such as 1930's dust bowl! droughts uncovered. To expand the coverage of

spreads global gridded reanalyses, the 20th Century Reanalysis Project is an effort led by PSD and the University of Colorado CIRES Climate Diagnostics Center to produce a reanalysis dataset spanning the entire
twentieth century, assimilating only surface observations of synoptic pressure, monthly sea surface temperature and sea ice distribution. The observations have been assembled through international

Background Information cooperation under the auspices of the Atmospheric Circulation Reconstructions over the Earth initiative, and working groups of GCOS and WCRP. The Project uses a recently-developed Ensemble Filter data

assimilation method which directly yields each six-hourly analysis as the most likely state of the global atmosphere, and also estimates uncertainty in that analysis. This dataset will provide the first estimates
of global tropospheric and stratospheric variability spanning 1871 to present at six-hourly resolution (V2). The first version has global coverage spanning 1908-1958, and two degree longitude-latitude
horizontal resolution (V1).

Referencing Plots

Related Dataset Plotting and
Analysis Pages

Recreating the Knickerbocker Storm of 1922: One of the deadliest snowstorms in U.S. history was the Knickerbocker Storm, a slow- moving blizzard that occurred on January 27-29, 1922 in the upper South
Plot NCEP/NCAR Reanalysis |~ and Middle Atlantic states. This storm was named after the collapse of the Knickerbocker Theater in Washington, D.C. shortly after 9 p.m. on January 28. The movie theater's flat roof collapsed under the weight

| 6-hourly composites of 28 inches of wet snow, bringing down the balcony and a portion of the brick wall and killing 98 people, including a Congressman. An arctic air mass had been in place across the Northeast for several days a
Plot NCEP/NCAR Reanalysis _before the storm. and Washington had been below freezing since the afternoon of January 23. The storm formed over Florida on January 26 and took three days to move up the Eastern Seaboard. Snow X
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Future Directions

Operational & prototype product development:

Hybrid 4D-Var/EnKF system with NASA/GMAO and
NCEP/EMC.

EnKF-based hurricane ensembles in “HFIP” program.
Higher-resolution 20™"-century climate reanalyses

Research & development issues

Unifying global and regional model code

Coupled ocean-atmosphere-land-chemistry EnKF
reanalyses.

Model uncertainty and sampling error in EnKF
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~—T382 deterministic track forecasts from
(1) mean of EnKF ensemble

(2) deterministic from EnKF mean initial condition, and
(3) deterministic from “parallel” T382 GFS/GSI

This “parallel” version of GSI now uses TCVitals min pressure pseudo-obs
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How the NOAA EnKF Works

l forecast model \
NCEP GFS
Forward -
xP - Obs. g b X
Operator ~a Hyb EnKF Pl
—~—a| readin XP and HxP,
o update ensemble and
y bias corr params, add
—Y| parameterized system
be : a .
|| Forward | error, write out X
b Obs. S / a
X X
\zerator

NCEP GSI

forecast model

NOAA Earth System Research Laboratory Review - Boulder, Colorado March 9-12, 2010 Page17 vw



The Deterministic Serial EnKF — A Recipe

Given a single ob y° with expected error variance R, an ensemble of model forecasts
xP (model priors), and an ensemble of predicted observations y® = Hx? (observation
priors):

Step 1: Update observation priors.

@)y, = (1 — K)y, + Ky° update for ob prior means
(1b)y;L = /1=Ky, rescaling of ob prior perturbations

where the scalar K = var(y®)/(var(y®)+ R), overbar denotes means, prime denotes
perturbations, superscript b denotes prior, a denotes analysis.

Linear interpolation between observation and observation prior mean with
weight K (0o<=K<=1), rescaling of observation prior ensemble so posterior variance is
consistent with Kalman filter, i.e. var(y?)=(1-K) var(y®)= var(y®)R/(var(y®)+R).

when var(y®) << R, all weight given to prior.
when var(y®) >> R, all weight given to observation.

NOAA Earth System Research Laboratory Review - Boulder, Colorado March 9-12, 2010 Page 18 Vw



The Serial EnKF = A Recipe (2)

Step 2: Update model priors.

Let Ax= x2-xP be analysis increment for model priors, Ay= y2-y® is analysis
increment for observation priors.

(2) Ax=GAy computation of increments to model prior

where G = cov(xP, y°T)/var(y®)

Linear regression of model priors on observation priors.

Only changes model priors when x? and y® are correlated within the ensemble.

If there is more than one ob to be assimilated, the observation priors for other
obs (YP) should be also be updated using (2) with Ax replaced by AY. Next
iteration, replace y® with next column of Y?, removing that column from Y.
After each iteration the model priors and observation priors are set to the latest
analysis values (x? replaces x®, Y2 replaces YP). Continue iterating until Y is
empty.
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Whitaker et al 2009: June MWR

Full NCEP
operational
analysis (3D-Var)
1000000+ obs

NCEP Operational

Example : 500-hPa Height Analyses
Assimilating Only p_ obs

Black dots show 300+
surface pressure
observation locations
(similar to 1930’s

network)
EnKF ECMWEF 3D-Var
only 300+surface only 300+surface
pressure obs pressure obs

EnsDA (RMS Error = 31 m) 3D-Var (RMS Error = 142 m)
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